Aims/hypothesis Physical inactivity is implicated in unfavourable patterns of obesity and cardiometabolic risk in childhood. However, few studies have quantified these associations using objective physical activity measurements in children from different ethnic groups. We examined these associations in UK children of South Asian, black African-Caribbean and white European origin. Methods This was a cross-sectional study of 2,049 primary school children in three UK cities, who had standardised anthropometric measurements, provided fasting blood samples and wore activity monitors for up to 7 days. Data were analysed using multilevel linear regression and allowing for measurement error. Results Overall physical activity levels showed strong inverse graded associations with adiposity markers (particularly sum of skinfold thicknesses), fasting insulin, HOMA insulin resistance, triacylglycerol and C-reactive protein; for an increase of 100 counts of physical activity per min of registered time, levels of these factors were 12.2% (95% CI 10.2-14.1%), 10.2% (95% CI 7.5-12.8%), 10.2% (95% CI 7.5-12.8%), 5.8% (95% CI 4.0-7.5%) and 19.2% (95% CI 13.9-24.2%) lower, respectively. Similar increments in physical activity levels were associated with lower diastolic blood pressure (1.0 mmHg, 95% CI 0.6-1.5 mmHg) and LDL-cholesterol (0.04 mmol/l, 95% CI 0.01-0.07 mmol/l), and higher HDL-cholesterol (0.02 mmol/l, 95% CI 0.01-0.04 mmol/l). Moreover, associations were broadly similar in strength in all ethnic groups. All associations between physical activity and cardiometabolic risk factors were reduced (albeit variably) after adjustment for adiposity. Conclusions/interpretation Objectively measured physical activity correlates at least as well with obesity and cardiometabolic risk factors in South Asian and AfricanCaribbean children as in white European children, suggesting that efforts to increase activity levels in such groups would have equally beneficial effects.
Introduction
Low levels of physical activity in adult life increase risks of CHD, stroke, type 2 diabetes and obesity; these health benefits are graded across different levels of physical activity [1] [2] [3] [4] . However, there is growing concern that physical activity levels are too low in children even in the first decade of life and that these low levels have adverse consequences for adiposity, insulin resistance, blood pressure and the metabolic syndrome [5] [6] [7] [8] [9] [10] [11] .
Although earlier studies examining the effects of physical activity on health in children were based on selfreported physical activity [5, 11, 12] , more recent studies have been based on objective physical activity assessment using movement sensors, which have substantially greater validity in children [13] . Substantial population-based studies using movement sensors have now related physical activity levels to adiposity, blood pressure and cardiometabolic risk during puberty in studies of 5,500 11-to 12-yearold children [6, 7] and 829 15-year-olds [14] . However, data on children in the first decade of life are more limited. Although many studies of younger children have examined the associations between physical activity and adiposity [15] , there is less information on the associations between physical activity and cardiometabolic factors; the largest study to date is based on 1,092 9-year-olds [14] . Moreover, information is particularly needed on the impact of objectively measured physical activity on cardiometabolic risk among children of South Asian and black AfricanCaribbean origin, who are at high risk of type 2 diabetes and cardiovascular disease in the longer term [16, 17] , with an emerging global diabetes epidemic in Asian populations [18] . Thus, more information is needed to quantify the associations between objectively measured physical activity and cardiometabolic risk factors in children during the first decade of life and to assess whether these associations are similar or potentially different in different ethnic groups. The extent to which the effects of physical activity are mediated through effects on adiposity also requires further investigation.
We therefore examined the associations between objectively measured overall physical activity and a range of markers of adiposity and cardiometabolic risk (including Creactive protein [CRP] , which is associated with cardiovascular and diabetes risk) [19, 20] in a population-based study of 2,049 children aged 9 to 10 years and of white European, South Asian and black African-Caribbean origin.
Methods

Study background
The Child Heart And health Study in England (CHASE) is examining the cardiovascular health of 5,000 9-to 10-year-old children of white European, South Asian and black African-Caribbean origin living in England [21] . The investigation of physical activity and cardiometabolic risk was carried out in a sub-study of approximately 2,000 children (CHASE-2000) studied in 78 schools between February 2006 and February 2007 [22] . Ethical approval was obtained from the relevant MultiCentre Research Ethics Committee. Participating schools were identified on the basis of pupil ethnicity, using information obtained from the UK Government Department for Education and Skills. All state primary schools in London, Birmingham and Leicester that had between 15% and 50% pupils of white European origin were identified. Two separate random samples, each of 39 schools, were taken, including: (1) schools with a high prevalence (onefifth to four-fifths) of South Asian pupils, stratified by Indian, Pakistani and Bangladeshi origin; and (2) schools with a high prevalence (one-fifth to four-fifths) of black African-Caribbean pupils, stratified by African and Caribbean origin. Schools that did not agree to participate (less than one-third) were replaced by a school with similar ethnic composition and in the same borough. Invitation letters (translated where necessary) were sent to parents or guardians of pupils in year 5 classes; parental consent for the child to participate in the study was obtained. Measurements were made by a trained field team, who made fortnightly visits to different regions of London, with periodic visits to schools in Leicester and Birmingham.
Blood sampling and analysis A venous blood sample was collected from participating children between 08:30 and 10:30 hours after an overnight fast. Blood samples were separated and frozen on dry ice immediately after collection, and sent overnight to a central laboratory for analysis. HbA 1c was measured in whole blood by ion exchange high performance liquid chromatography. Serum total cholesterol, HDL-cholesterol and triacylglycerol were measured using an auto-analyser (Olympus AU-2700, Mishima, Japan), with LDL-cholesterol calculated using the Friedrickson-Friedwald equation. Plasma glucose was measured using the hexokinase method; serum insulin was measured using an ELISA method that does not cross-react with proinsulin [23] . Insulin resistance was estimated using HOMA [24] . CRP was measured by automated particleenhanced immunoturbidimetric assay (Roche, Welwyn Garden City, UK). The method has a lower limit of sensitivity of 0.1 mg/l, and inter-and intra-assay coefficients of variation of <3%.
Physical measurements Height was measured using a portable stadiometer (CMS Instruments, London, UK). Weight was measured using an electronic device (Tanita, Tokyo, Japan). Ponderal index (weight kg/height m 3 ) was used as the weight-for-height measure that is most independent of height. Leg-to-arm bioelectrical impedance was measured (Bodystat, Isle of Man, UK) and an estimate of fat mass derived using a validated equation; a fat mass index was derived (kg/m 5 ) that is independent of height (J. L. Clasey, unpublished data). Seated blood pressure was measured twice in the right arm after 5 min rest using an automated blood pressure monitor (Omron 907; Omron Healthcare, Inc., Kyoto, Japan) with an appropriately sized cuff and the average value used. Thickness of right-sided bicep, tricep, subcapsular and suprailiac skinfold thickness was combined to give the sum of skinfold thicknesses.
Physical activity assessment Children were asked to wear an activity monitor (GT1M; ActiGraph, LLC, Pensacola, FL, USA), during waking hours for seven whole days after measurement and then to return the instrument to school. The monitor, programmed to record at 5 s intervals, was positioned over the left hip and maintained in position with an elasticised belt. A gift voucher was issued on safe return of the monitor. On returning the instrument, children were also asked to complete a questionnaire to confirm whether they had worn the monitor every day, whether their activity level had been usual for them and whether they had been unwell at any time. They were also asked about physical activity poorly measured by the device (e.g. cycling) or requiring device removal (e.g. swimming). Downloaded ActiGraph data files were batch processed using a dedicated software program (MAHUFFE, available from www. mrc-epid.cam.ac.uk/Research/Programmes/Programme_5/ InDepth/Programme%205_Downloads.html, accessed 20 April 2010). Activity outcomes included: mean daily activity counts, mean daily steps and activity counts per minute of registered time. Registered time was defined as the total period accepted for analysis (with time periods of at least 20 consecutive minutes of zero counts being excluded as periods of non-wear). The incomplete first and final days of recording were omitted. Only days with at least 600 min of recorded time were included for analysis; participants were included in the analyses if they had between 1 and 7 days of such activity recorded.
Ethnic origin and social class Determination of the ethnic origin of the child was based on parental information on the self-defined ethnicity of both parents or (where not available) parentally defined ethnicity of the child. In a small number of participants where this information was not available (n=22), ethnic origin was based on information provided by the child on where parents and grandparents were born. Children of unmixed ethnic origin were classified as white European, South Asian and black African-Caribbean. Children of other ethnic origins and of mixed ethnic origin were allocated to a separate 'Other ethnic groups' category. Information on parental occupation was collected from the parents or (if not available) the child and was used to code social class using SOC-2000 classification [25] .
Statistical analysis Statistical analyses were carried out using a software package (Stata/SE 10.1 for Windows; Stata LP, College Station, TX, USA). Adiposity and metabolic outcome variables were checked for normality and log-transformed where appropriate; outliers were identified and checked. Inspection of the distribution of data and the residuals from regression models showed that ponderal index, waist circumference, sum of skinfold thicknesses, fat mass index, insulin, insulin resistance, triacylglycerol and CRP required log-transformation, whereas glucose, HbA 1c , LDL, HDL, and systolic and diastolic blood pressure did not. Physical activity variables (activity counts per min, activity counts) were derived using person averages from data collected on at least 1 day of measurement. Multilevel linear regression models were used to provide adjusted means for outcome variables by overall quintiles of physical activity; the assumption of linearity appeared appropriate. In addition, regression calibration [26] was used to allow for measurement error in the physical activity variable. This approach takes into account the within-child variation in physical activity across a variable number of days of recording and allows for variation in activity by day of week, to provide an unbiased average of physical activity for each child. The differences in adiposity and cardiometabolic markers (percentage change for log-transformed outcomes, in units of measure for normally distributed outcomes) per 100 increase in activity counts per minute are presented. The z score (defined as the outcome variable divided by its SD) was used to assess the impact of physical activity on different outcome variables on a standardised scale. Again, the results are presented per difference of 100 in activity counts per minute. We explored whether the associations between physical activity and outcome variables differed by sex or ethnic groups using tests for interaction. All analyses were adjusted for age in quartiles, sex, ethnicity, month, observer (physical measurements and blood pressure only) and a random effect for school (to allow for clustering of children within school).
Results
The overall participation rate in the CHASE-2000 study was 69%; participation rates were slightly higher among South Asians (73%) and 'Other ethnic groups' (71%) than among white Europeans (70%) and black AfricanCaribbean children (66%). Two children with an existing diagnosis of type 1 diabetes (one South Asian, one white European) were excluded. Among study participants, 2,049 (86%) children (979 boys, 1,070 girls) successfully provided Actigraph data; of these, 1,812 children provided a fasting blood sample. Mean age (9.9, SD 0.4 years) was similar in boys and girls, and across ethnic groups. Physical activity data were provided for at least 5 days by 1,385 (68%) and for 1 to 4 days by 664 (32%); levels of activity were slightly higher in those with fewer days of physical activity data, but exclusion of these children made no material difference to the results. The demographic, ethnic and anthropometric characteristics of study participants who wore or did not wear an Actigraph were similar. Table 1 summarises adiposity and cardiometabolic markers in boys and girls, as well as physical activity outcomes (including activity counts per min and activity counts). Markers of adiposity were higher in girls than boys. In particular, sum of skinfold thicknesses and fat mass index, fasting insulin, insulin resistance, triacylglycerol and CRP were higher in girls, while fasting glucose and HDLcholesterol levels were higher in boys. Levels of physical activity (activity counts per min, total activity counts and steps) were higher in boys than girls. Due to marked sex differences in physical activity, adiposity and cardiometabolic markers, associations between these were examined separately for boys and girls. The associations of activity counts per min (quintiles) with adiposity and cardiometabolic markers are shown in Figs 1 and 2; the differences in each marker per 100 increase in activity counts per min are shown in Table 2 for boys and girls separately, and combined; combined differences are also shown as z scores. Graded inverse associations were found between levels of physical activity and markers of adiposity, fasting insulin, insulin resistance, triacylglycerol, CRP, LDL-cholesterol and diastolic blood pressure; a graded positive association was apparent for HDL-cholesterol. HbA 1c and glucose concentrations showed weaker inverse associations. Associations were generally similar among boys and girls. Expressed as z scores, associations between physical activity and adiposity measures (especially sum of skinfold thicknesses) were particularly strong, with a one SD increase in activity counts per min associated with a decline of about one-quarter of a SD in adiposity outcome. The corresponding declines in cardiometabolic risk factors were approximately one-sixth of a SD for insulin, insulin resistance, triacylglycerol and CRP.
Adjustment for sum of skinfold thicknesses reduced the strength of associations between physical activity and cardiometabolic markers ( Table 2 ). Associations between physical activity, insulin and insulin resistance were reduced by a third and that between triacylglycerol and diastolic blood pressure by a half, although they remained statistically significant. Associations between physical activity, LDL-and HDL-cholesterol, and CRP were markedly reduced by adjustment for sum of skinfold thicknesses and were no longer statistically significant. These results were not materially affected by additional adjustment for other adiposity measures. The associations between physical activity, adiposity and cardiometabolic markers were similar among white Europeans, South (Table 3) . Formal tests for ethnic differences in associations were not statistically significant (p > 0.1), except for triacylglycerol (p=0.03) and HDL-cholesterol (p=0.05), where effects of physical activity for the latter were stronger in ethnic minority groups, although all such associations must be treated with caution due to multiple tests. The findings presented were not affected by additional adjustment for social class or by restricting the results to the 1,385 participants who had at least 5 days of physical activity assessment. Similar patterns were seen using total activity counts and steps instead of counts per min. The findings were not materially affected by excluding the small numbers of children who reported cycling (which may not be adequately measured by accelerometry) and swimming (when the monitor was taken off).
Discussion
This study provides strong evidence that low levels of objectively measured overall physical activity are associated with increased adiposity and less favourable cardiometabolic risk profiles in childhood. The associations between physical activity, adiposity and cardiometabolic risk were graded across the range of overall physical activity and were for the most part similar in boys and girls. Moreover, we show for the first time that such associations are similar among children of different ethnic origin, including South Asian children, a group with lower levels of objectively measured physical activity [22] and high longer term diabetes risk [17, 18] . Although previous studies have related objectively measured physical activity levels to adiposity and specific cardiometabolic risk markers in children [6, 7, 14] , the present study is larger and includes a wider range of risk markers than previous studies of this age-group.
The directions of association between physical activity level, obesity and cardiometabolic risk factors are broadly similar to those in previous studies using objective measures of activity [6-10, 14, 27-29] . The relationships between physical activity and adiposity measures in the present study are approximately twice as strong as those previously reported in 11-to 12-year-olds in the Avon Longitudinal Study of Parents and Children (ALSPAC) [7] and are considerably stronger than those reported for skinfold thickness in the European Youth Heart Study (EYHS) at age 9 to 10 years [10] . The modest inverse association observed between physical activity and systolic blood pressure in the present study was close to that observed in the larger ALSPAC Study in 11-to 12-year-old children [6] , although the marked inverse association observed with diastolic blood pressure in the present study was considerably stronger than that observed in ALSPAC [6] . Strong inverse associations with systolic and diastolic blood pressure were observed in the EYHS among a combination of 9-to 10-and 15-to 16-year-old children [14] .
The strength of association between physical activity and insulin resistance observed in the present study is similar to that in the EYHS in combined analyses of 9-to 10-and 15-to 16-year-old children [8] ; we also observed a weaker association with fasting glucose [29] . The weaker association for glucose in our study may reflect the predominantly Fig. 1 Level of physical activity by adiposity measures (a) ponderal index, (b) waist circumference, (c) sum of skinfold thicknesses and (d) fat mass index. CPM, counts of activity per min; white squares, boys; black circles, girls younger age group in our study, in which physical activity might plausibly affect insulin resistance without affecting glucose homeostasis to the same degree. Our observation that the association between physical activity, insulin and insulin resistance may be marginally stronger in girls than in boys is consistent with findings reported specifically for 9-year-olds studied in the Danish component of the EYHS [29] .
There is little published information on the association between directly measured physical activity and CRP, a circulating marker of inflammation that is strongly linked to type 2 diabetes and cardiovascular disease in later life [19, 20] . Previous investigations using self-or parentally reported physical activity in children have suggested either a weak inverse association [30] or no association [31, 32] . The present study, markedly larger than previous absolute difference (95% CI); participants n=2,049 for anthropometry, blood pressure and physical activity variables, n=1,853 for CRP and n=1,812 for blood analytes
Analyses were adjusted for sex, age in quartiles, ethnicity, month, observer (physical measurements and BP) and random effect for school; additional adjustments were made for sum of skinfold thicknesses investigations, suggests that there is a strong inverse association between objectively measured physical activity and CRP in children. This is of interest since, although the value of CRP as an independent risk factor is still much debated, high CRP levels have recently been added as a recommendation for statin therapy by the US Food and Drug Administration [33] . The present study has several strengths and weaknesses. An important strength is the use of objective assessment of physical activity by means of a movement sensor (Actigraph). The instrument provides good characterisation of overall levels of physical activity and has been validated against gold standard measures of energy expenditure [34] . The study complements earlier investigations in providing data on almost twice as many 9-to 10-year-old children as in the previous investigation including prepubertal children [10] . It includes, for the first time, a balanced representation of South Asians and black African-Caribbeans as well as white Europeans. However, testing for ethnic differences in associations between physical activity and cardiometabolic risk markers is limited given the weak statistical power of formal tests for interaction. Appropriate adjustment was made for variations in physical activity by day of week and season. Although participation rates were modest (61% overall), these were similar to or higher than those in previous studies [6-10, 14, 27-29] and are unlikely to have affected the strengths of associations between physical activity, obesity and cardiometabolic markers. Although participants who provided a single day of physical activity data were included in the analysis, most participants (68%) provided five or more days of physical activity and the exclusion of participants who contributed only 1 day of physical activity data made little difference to the results. An additional strength of our analysis was the use of regression calibration [26] to allow for measurement error in physical activity. Not surprisingly, we found that the coefficients for physical activity were strengthened by about 30% when allowing for measurement error in this way. This emphasises that previous estimates that have not allowed for measurement error will be underestimates of the relationships.
The cross-sectional nature of CHASE, a feature of many previous studies in children [6-8, 10, 14] , is both a strength Values are a per cent or b absolute differences (95% CI); participants n=2,049 for anthropometry, blood pressure and physical activity variables, n=1,853 for CRP and n=1,812 for blood analytes Analyses adjusted for sex, age in quartiles, ethnicity, month, observer (physical measurements and BP), interaction between ethnicity and physical activity, and random effect for school and a limitation. Cross-sectional studies can yield important information about the association between physical activity and cardiometabolic risk, since physical activity patterns are reasonably stable over time in children [35] and many of the important potential effects of physical activity on cardiometabolic risk are short-term. It remains possible that a degree of reverse causality is present, whereby increased adiposity and adverse cardiometabolic risk profiles (particularly resulting from excess energy intake) contribute to reduced physical activity, possibly further increasing adiposity. This possibility can only be directly excluded by prospective study data. A recent report from ALSPAC [36] showed that higher levels of physical activity at 12 years of age are strongly associated with lower levels of fat mass 2 years later, suggesting a causal interpretation.
The associations between physical activity and insulin, blood pressure and blood lipids may be mediated partially or wholly by the effects of physical activity on adiposity. In the present study, adjustment for adiposity substantially reduced associations with insulin, blood pressure and blood lipids; the reductions in associations for insulin and blood pressure were very similar to those in earlier reports [6, 8] , although, as with the large ALSPAC study, effects on diastolic blood pressure appeared to be at least partly independent of adiposity [6] . Some other associations (particularly those for insulin, insulin resistance and triacylglycerol, all of which are strong risk factors for diabetes) also remained statistically significant after adiposity adjustment. This suggests, in keeping with other studies [8, 29] , that other biological processes, independent of absolute levels of adiposity, may explain some of the beneficial effect of increased physical activity on diabetes risk and, perhaps to a lesser extent, on CVD risk. For diabetic risk factors [29] , this is consistent with intervention studies in adults showing that increasing physical activity in isolation reduces type 2 diabetes risk [37] .
Assuming that the observed strengths of association between physical activity and cardiometabolic risk are causal and the effects of physical inactivity are reversible, the results of the present study suggest that increasing usual overall physical activity levels in childhood by approximately a tenth (equivalent to an increase from 500 to 550 activity counts per min or increasing daily step count from 10,000 to 11,000) would produce appreciable reductions in markers of adiposity (6% reduction in sum of skinfold thicknesses, 5% reduction in fat mass index) and cardiometabolic risk (fasting insulin by 5%, triacylglycerol by 3%, CRP by 10%, LDL-cholesterol by 0.02 mmol/l and diastolic blood pressure by approximately 0.5 mmHg). These effects (which would be expected to be broadly similar in girls and boys, and in different ethnic groups) would be of considerable importance in public health terms. As well as addressing the short-term impacts, particularly of obesity [38] , the tracking of physical activity, adiposity, insulin resistance and cardiovascular risk markers between childhood and adult life [39] suggests that increasing overall physical activity levels from childhood may translate into longer term health benefits such as reducing the burden of chronic disease in later life.
We found that the associations between physical activity, adiposity and cardiometabolic markers in South Asians and black African-Caribbeans are mostly similar in direction and strength to those in white Europeans. This is important in the context of the high adult risks of obesity and type 2 diabetes in South Asians and black African-Caribbeans [16] [17] [18] , as well as in connection with our previous findings in South Asian children that physical activity levels are low [22] and cardiometabolic risk high, with higher levels of adiposity, insulin resistance and triacylglycerol levels, and low HDLcholesterol [21] . The present results suggest that the cardiometabolic benefits of increasing physical activity levels are likely to be just as marked in South Asians (and black African-Caribbeans) as in white Europeans, so that a given increase in physical activity level might be expected to have similar cardiometabolic effects in different ethnic groups. However, the scope for increasing physical activity levels is likely to be particularly marked among South Asians, given their particularly low physical activity levels.
The optimal approaches to achieving increases in physical activity, as well as the question of whether optimal cardiometabolic benefits will be achieved by focusing on overall levels of activity or by increasing amounts of time in moderate and vigorous activity remain unclear [40] . To date, practical efforts to reduce levels of overweight [41] and to increase overall levels of physical activity [42, 43] have had limited effects. The benefits of increasing childhood physical activity levels are likely to be particularly marked in the UK, where levels of overall physical activity in childhood are lower than in other European countries, as seen in the EYHS [8, 22, 28, 44, 45] , and the prevalence of obesity and type 2 diabetes are high and increasing markedly [46, 47] .
Conclusion Overall physical activity levels in children of different ethnic origin show consistent graded associations with adiposity and a wide range of cardiometabolic risk markers; the influence of physical activity on diabetes and CVD risk factors in childhood is substantially accounted for by adiposity measures. Modest increases in overall levels of physical activity could help to appreciably reduce adiposity and cardiometabolic risk. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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